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SUMMARY 
The d i f f e r e n t i a l  energy spec t ra  o f  cosmic-ray pos i t rons  
and negatrons between 12 and 210 MeV have been measured w i t h  a 
bal loon-borne magnetic spectrometer launched from F o r t  C h u r c h i l l ,  
Canada, i n  summer 1968. Since the geomagnetic c u t o f f  va r i es  w i t h  
t ime, separate spectra f o r  the l o c a l  day and n i g h t  i n t e r v a l s  are 
presented. I n  addi ti on, the cor rec t ions  fo r  atmospheric secon- 
dary e lec t rons  a re  discussed i n  d e t a i l .  The s o l a r  modulat ion of 
the p o s i t r o n  f l u x  i s  compared w i t h  the modulat ion o f  cosmic-ray 
n u c l e i  . 
An understanding o f  the o r i g i n  o f  t he  cosmic-ray e l e c t r o n  
component and i t s  modulat ion i n  the s o l a r  system requ i res  
accurate measurements o f  the shape and charge composit ion of 
the  pr imary e l e c t r o n  spectrum a t  the Earth. A t  present ,  i n f o r -  
mat ion on the  long-term v a r i a t i o n s  o f  the pr imary cosmic-ray 
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electron flux (positrons plus negatrons) i s  inconclusive [I-51 
and has not yet  led to  a consistent picture of the re la t ive  
solar  modulation of electrons. The absolute solar  modulation 
of positrons can be determined by comparing the spectrum measured 
near the Earth with the equilibrium spectrum calculated fo r  posi- 
trons originating in cosmic-ray interactions in in t e r s t e l l a r  space. 
The modulation thus derived will be valid provided tha t  t h i s  
process i s  the only s ignif icant  source of positrons and that  
the physical data used in the calculations are correct. We have 
reported i n i t i a l  resul ts  on positron modulation between 12 and 
220 MeV elsewhere [6], and resul ts  for  higher energies have been 
reported by Fanselow -- e t  a1 .[ 
In th i s  paper we present improved data and extend our e a r l i e r  
discussion of the energy spectrum and charge composi t i  on of pri - 
mary cosmic-ray electrons between 12 and 210 MeV. Our measure- 
ments were made with a balloon-borne magnetic spectrometer. The 
data have been derived from three f l igh t s  launched from Fort 
Churchi 11 , Canada, on 15 July, 20 July, and 28 July 1968. A 
schematic cross section of the detector system i s  shown in 
Figure 1 .  The part ic le  trajectory i s  determined by two wire 
spark chambers of four gaps each with magnetostrictive readout. 
A t r i p l e  coincidence of the two plast ic  sci nti l l a t o r  telescope 
V 
counters and the Luci t e  Cerenkov counter i ni t i  ates the anal ysi s 
of an event. A magnet guard counter in active anticoincidence 
excludes part ic les  whose t rajector ies  intersect  the pole faces 
2 
of the magnet. The geometry factor of the system i s  3.7cm sr 
2 between 200 and 25 MV and then decreases gradually to  1.5cm s r  
a t  6 M V .  Momentum resolution i s  constant a t  25% FWHM below 
100 MV and increases t o  50% a t  200 MV. 
The determination of ex t ra te r res t r ia l  electron fluxes w i t h  
a balloon-borne detector i s  complicated by the geomagnetic f i e ld  
and by the residual layer of atmosphere above the instrument. 
These effects  are especially s ignif icant  a t  electron energies 
below several hundred MeV. We gave particular attention there- 
fore to the corrections fo r  atmospheric secondary electrons and 
to  the consideration of the diurnal geomagnetic cutoff variations 
occurring near Fort Churchi 11. (For a recent discussion of the 
diurnal intensi ty  variations near Fort Churchi 11 see Ref. [8]. ) 
All f l i gh t s  were launched i n  the early evening in order tha t  
2 the instrument would r i s e  through the 100 g/cm atmospheric 
level a f t e r  onset of the local geomagnetic nighttime interval .  
We thus obtained intensity versus a1 t i tude data which could be 
used to  correct the nighttime fluxes for  atmospheric secondaries. 
Each f l i g h t  continued we1 1 into the following day and showed a 
pronounced increase of the electron flux below about 100 MeV 
during the morning t ransi t ion.  The different ial  energy spectra 
of negatrons and positrons measured a t  the detector during the 
local day and n i g h t  intervals are shown in Figure 2.  The day- 
time spectra, when corrected for  the contribution of atmospheric 
secondaries, exhibit a charge r a t io  nearly equal to  unity over 
the fu l l  energy range of our measurements. Suck a r a t io  i s  
expected fo r  splash and re-entrant albedo electrons of mixed 
origin from II + 11 + e decay and from electromagnetic cascades. 
Our resul t s  therefore support the interpretation of the daytime 
f l u x  as predominant ly re -en t ran t  albedo e lec t rons .  During the  
n igh t t ime  i n t e r v a l  t he  lower geomagnetic c u t o f f  excludes re -  
e n t r a n t  albedo w h i l e  a l l ow ing  pr imary cosmic-ray e lec t rons  t o  
reach the Earth.  The s t rong day-night i n t e n s i t y  d i f f e r e n c e  i n  
our lowest  energy i n t e r v a l  i n d i c a t e s  t h a t  the n igh t t ime  geo- 
magnetic c u t o f f  was below our ana lys i s  threshold,  which corres-  
ponds t o  11.8 MV a t  the top o f  the atmosphere. 
2 A t  our  f l o a t  depth o f  2.4 g/cm the measured f l u x  conta ins 
a  s i g n i f i c a n t  component o f  secondary e lec t rons  produced i n  the 
res idua l  atmosphere above the de tec tor .  Our method f o r  the 
separat ion o f  the  atmospheric secondary component from the 
l o c a l l y  observed f l u x  i s  based upon the measurement o f  i n t e n s i t y  
as a  f u n c t i o n  o f  atmospheric depth and upon a  d e t a i l e d  knowledge 
of the t h e o r e t i c a l  depth dependence o f  the  secondary f l u x .  The 
propagation o f  the  secondary e l e c t r o n  component through the 
atmosphere can be described by a  s e t  o f  t r anspor t  equat ions f o r  
negatrons, pos i t rons ,  and photons. These equat ions have been 
solved numer ica l l y  by one o f  us [9 ] .  The ca l cu la t i ons  y i e l d  
the shape o f  t he  growth curves f o r  t he  d i f f e r e n t  p a r t i c l e  
species. I n  general the secondary f l u x  does - n o t  grow l i n e a r l y  
w i t h  depth, con t ra ry  t o  the assumption which i s  commonly made. 
The depth dependence o f  the  res idua l  pr imary pos i t rons  and 
negatrons can be s i m i l a r l y  ca lcu la ted  g iven an i n c i d e n t  spectrum 
Using our  measured i n t e n s i t y  as a  f u n c t i o n  o f  atmospheric 
depth, we make a  l e a s t  squares f i t  o f  a  1  i n e a r  combination o f  
two curves, one having the f u n c t i o n a l  depth dependence of the 
ca l cu la ted  atmospheric secondaries and the  o the r  t h a t  of the 
residual primaries. The best f i t  determines the contribution 
of each component. Separate f i t s  are made fo r  negatrons, 
positrons, and total  electrons in each of 5 energy intervals;  
2 
seven data points between 2.4 and 42 g/cm are used f o r  each 
f i t. An i tera t i  ve procedure i s used s i  nce the depth dependence 
of the residua1 primary flux depends upon the unknown primary 
spectrum a t  the top o f  the atmosphere. In Figure 3 we show as 
examples the measured growth curves (raw data points) of positrons 
and negatrons f o r  three selected energy intervals and the f i t t e d  
residual primary and atmospheric secondary contributions. The 
2 x probability P fo r  each f i t  i s  indicated in  the figure.  In 
the 6.5-12.5 MeV interval (measured a t  the detector) the exis t -  
ence of a primary component fo r  both negatrons and positrons i s  
clearly evident. For the 50-100 MeV interval the measured 
growth curves agree with the theoretical growth of secondaries 
within the s t a t i s t i c a l  errors and the f i t t i n g  resu l t s  in a small 
negative f 1 ux of primaries. Therefore, in thi s energy interval , 
we can derive only an upper l imit  fo r  the primary flux. In the 
100 to 200 MeV interval we deduce a f i n i t e  primary flux. Our 
data therefore suggest a dip in the primary spectrum a t  Q, 70 MeV. 
In Figure 4 we show the raw spectra of positrons and nega- 
2 trons observed a t  an atmospheric depth of 2.4 g/cm together 
with their  separation i nto primary and secondary components 
which resu l t  from the leas t  square f i t t i n g  process described 
above. For the 50-100 MeV interval a 10 upper l imi t  from zero 
flux i s  plotted. 
We correct the residual primary spectra derived a t  a depth 
2 
of 2 .4  g/cm for  energy loss in  the overlying atmosphere and 
f o r  a background contribution due to  photon interactions in the 
w 
Lucite Cerenkov counter (the photon corrections are based upon 
calibrations of the instrument with y-rays from the Caltech 
synchrotron). The derived di f ferent i  a1 spectrum of primary 
cosmi c-ray electrons (posi trons plus negatrons) i n 1968 i s 
shown in  Figure 5a. Improved corrections have resulted in  flux 
values and energy intervals tha t  d i f f e r  s l ight ly  from those 
presented ea r l i e r  [6 . In addition to the resul ts  obtained 
by other investigators [ 5 ,  10, 111 in 1967 and 1968, we have 
included in  Figure 5a the electron spectrum of Fanselow e t  a1 .[7] 
measured in 1965 and 1966 with another magnetic spectrometer. 
In the regions of overlap the electron spectra of Simnett and 
McDonald [lo] and Fan -- e t  a1 .[l l] , which are derived from 
s a t e l l i t e  observations outside the magnetosphere, agree we1 1 
with the spectrum derived from our observations. 
No signif icant  long-term variations in the electron spectrum 
below about 20 MeV seem to  occur [lo]. Similarly, a t  high energies 
no large modulation effects  are  expected. The intermediate energy 
range between about 20 MeV and several GeV i s  subject t o  contro- 
versy. Although some of the differences among the spectra quoted 
by different  investigators may be attributable to  solar  modulation, 
the presence sf  instrumental e f fec ts  and the application of d i f -  
ferent  corrections for atmospheric secondaries may also be res- 
ponsible. For example, Rockstroh and Webber 5 have derived [ 1 
a modulation function fo r  cosmi c-ray electrons between 10 MeV 
and 2 GeV by comparing the i r  spectrum obtained in 1966 with our 
1968 resul ts  on primary electrons below 220 MeV [6] and the i r  
own 1968 spectrum above 200 MeV. However, we note that  the raw 
flux of electrons between 15 and 200 MeV observed by Rockstroh 
and Webber [5]  during daytime i s  lower by a factor of about two 
than our own daytime observations (Figure 2) ,  which were made 
only 11 days e a r l i e r  a t  nearly the same atmospheric depth. 
Independent of whether th is  difference i s  due to  a systematic 
difference in the response of the Cal tech magnetic spectrometer 
and Rockstroh and Webber's lead glass spectrometer or due to  an 
unexplained short  term temporal variation, we feel t ha t ,  a t  
present, conclusions concerning the relat ive solar modulation 
are  l ikely to  suffer  from the lack of internal consistency among 
the available electron spectra. 
In Figure 5b our measured 1968 primary cosmic-ray positron 
fluxes are shown together with those obtained by Fanselow e t  -- a1 .[7] 
in  1965 and 1966. In an ea r l i e r  paper [6], we deduced the ab- 
solute solar modulation of positrons in 1968 fo r  energies between 
12 and 220 MeV from a comparison of our measured positron spectrum 
with an i n t e r s t e l l a r  equi 1 ibrium spectrum calculated by Ramaty 
and L i  ngenf el  t e r  [I 21 fo r  posi trons ori gi nati ng i n cosmi c-ray 
+ 
collisions with in t e r s t e l l a r  matter. (Curve eS in Figure 5b)  
The calculated spectrum agrees reasonably we1 1 wi t h  the measured 
fluxes a t  the higher energies where essent ial ly  no solar modu- 
lation i s  expected. This agreement lends confidence to  the 
assumption tha t  the calculated spectrum i s  a f a i r  representation 
of the local i n t e r s t e l l a r  positron intensity.  A t  lower energies, 
however, the in t e r s t e l l a r  flux i s  reduced significantly near 
Earth, and the modulation appears strongest a t  IL 7Q MeV. The 
diffusi  on-convection theory of solar modulation in a simple 
form predicts a modulation function 
F ( R )  = exp [ -  17/0 f ( ~ i ]  
where R i s  the r ig id i ty ,  Bc i s  the par t ic le  velocity, and q i s  
a r ig id i ty  independent parameter character is t ic  of the s t a t e  of 
the interplanetary medium. In our ea r l i e r  paper (61 we suggested 
on the basis of our measured positron spectrum tha t  
f(R) = R for  R > R, = 70 M V  
. . u 
2 f(R) = Ro/R for  R < Ro = 70 MV 
and the parameter q = 0.5. We discussed the consequences of th i s  
model, which makes expl ic i t  the decreasing modulation a t  low 
r ig id i t i e s  implied by our data. Although i t  i s  a good f i t  to  
our data, i t  i s  not the only possible f i t .  
Nucleonic data indicate that  
f ( ~ )  = R~ fo r  R > R~ 
f (R)  = Ro fo r  R < Ro 
with 6 '0.5 - 1 and R, 5 0 . 3  - 1 G V .  Using this  functional 
form, Fanselow -- e t  a1. [7] have made a f i t  t o  the i r  positron data 
above 173 M V  with 6 = 1, Ro = 0.3 G V ,  and q = 0.6 GV.  The modu- 
lated spectrum derived from the in t e r s t e l l a r  spectrum with these 
values i s  shown as curve (a)  in Figure 5b. While adequate a t  
energies above 200 MeV, th i s  s e t  of parameters i s  unsatisfactory 
2 (X probabi l i ty  P << 0.01) f o r  the lower energies covered by 
our measurement. A be t t e r  f i t  t o  our data i s  obtained w i t h  an 
Ro = 175 M V ,  shown as curve ( b )  in  Figure 5b ( P  = 0.28). This 
model implies a strong modulation below 20 MV i n  con t ras t  t o  
the decreasing modulation given by Equation (1 ) .  Simnett and 
McDonald [lo] have pointed out  t h a t  t h e i r  measured e lect ron 
spectrum between 2 and 20 MeV i s  compatible w i t h  a sole  or ig in  
i n  the ga l ac t i c  knock-on component i f  so l a r  modulation i s  i n -  
s i gn i f i c an t  a t  these energies.  Since our data c lea r ly  indicate  
a strong modulation near 100 MeV, only a decreasing modulation 
a t  lower energies,  a s  exemplified by Equation (1 ) would be 
consis  t e n t  wi t h  the knock-on hypothesis. However, the s t a t i s t i c a l  
accuracy of our data does not  allow us t o  dismiss so la r  modu- 
l a t i on  as  described by Equation (2 ) .  Both models adequately 
describe the pronounced modulation evident i n  the region near 
100 MeV. 
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FIGURE CAPTIONS 
F i g .  1 Schemati c cross section of the detector system. 
Fig. 2 Differential energy spectra of the raw f lux of 
positrons and negatrons measured in July 1968 
2 d u r i n g  the nighttime interval a t  2.4 g/cm and 
d u r i n g  the daytime interval a t  2.3 g/cm 2 
atmospheri c depth. 
Fig. 3 Differential f lux vs. atmospheric depth fo r  
negatrons and positrons in three energy intervals.  
The primary and secondary components are derived 
by the l eas t  squares f i t t i n g  technique described 
in the tex t .  The total  flux i s  the sum of the 
primary and secondary f 1 ux. 
Fig. 4 Differential energy spectra of positrons and 
2 negatrons measured a t  2.4 g/cm during nighttime 
(raw f 1 ux) . A1 so shown i s  the separation into 
primary and secondary components derived from 
the growth curves. Error bars represent s t a t i  s t i  cal 
errors obtained from the leas t  squares f i t .  
Fig. 5 ( a )  Differential kinetic energy spectra of extra- 
t e r r e s t r i  a1 cosmi c-ray electrons. The year of the 
measurement i s i ndi cated in front  of the references. 
(b) Differential kinetic ,energy spectra of extra- 
t e r r e s t r i a l  cosmic-ray positrons. The solid curve 
(e;) i s  the inters  t e l l  a r  positron spectrum calculated 
for the col l is ion source w i t h  an integral pathlength 
2 
of 4 g/cm (see Ref. 12 ). The modulated curves 
a and b are described in the tex t .  Error bars 
of the present work represent s t a t i s t i c a l  plus 
estimated systematic e r ror  l imits.  
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